CeO 2 -SnO 2 solid solution has been reported to possess high oxygen storage/release property which possibly originates from local structural distortion. We have performed first-principles based density functional calculations of Ce 1−x Sn x O 2 structure ͑x = 0, 0.25, 0.5, 1͒ to understand its structural stability in fluorite in comparison to rutile structure of the other end-member SnO 2 , and studied the local structural distortion induced by the dopant Sn ion. Analysis of relative energies of fluorite and rutile phases of CeO 2 , SnO 2 , and Ce 1−x Sn x O 2 indicates that fluorite structure is the most stable for Ce 1−x Sn x O 2 solid solution. An analysis of local structural distortions reflected in phonon dispersion show that SnO 2 in fluorite structure is highly unstable while CeO 2 in rutile structure is only weakly unstable. Thus, Sn in Ce 1−x Sn x O 2 -fluorite structure is associated with high local structural distortion whereas Ce in Ce 1−x Sn x O 2 -rutile structure, if formed, will show only marginal local distortion. Determination of M-O ͑M=Ce or Sn͒ bond lengths and analysis of Born effective charges for the optimized structure of Ce 1−x Sn x O 2 show that local coordination of these cations changes from ideal eightfold coordination expected of fluorite lattice to 4 + 4 coordination, leading to generation of long and short Ce-O and Sn-O bonds in the doped structure. Bond valence analyses for all ions show the presence of oxygen with bond valence ϳ1.84. These weakly bonded oxygen ions are relevant for enhanced oxygen storage/release properties observed in Ce 1−x Sn x O 2 solid solution.
I. INTRODUCTION
Recently, Ce 1−x Sn x O 2 solid solution in fluorite structure has been reported to have excellent oxygen storage/release properties. 1 The amount of oxygen that can be reversibly exchanged under oxidizing and reducing conditions is defined as oxygen storage capacity ͑OSC͒. 2 CeO 2 -based solid solutions are extensively used as an oxygen buffer in automobile three-way catalysis for exhaust treatment owing to their high OSC. 3 With their excellent reversible oxygen storage/release property at ambient temperatures, 4 there has been renewed interest in these materials as efficient watergas shift catalyst 4, 5 for generation of clean hydrogen for fuel cells and other industrial applications. 6 Many fluorite-based CeO 2 solid solutions are known to show high OSC. For example, widely known Ce 1−x Zr x O 2 solid solution has high OSC compared to CeO 2 itself. 7 Extended x-ray-absorption fine structure ͑EXAFS͒ studies have shown distortion of the oxygen lattice in Ce 1−x Zr x O 2 leading to mobile oxygen and improved redox property at lower temperatures. 8 A combination of first-principles theoretical and experimental studies on Ce 1−x Zr x O 2 ͑Ref. 9͒ and Ce 1−x Ti x O 2 ͑Ref. 10͒ showed that high OSC of these solid solutions arise due to strain induced in the lattice by the dopant ions resulting in the change in coordination of M 4+ ͑M=Ce, Ti, or Zr͒ and creation of long M-O bonds: the oxygen in longer M-O bonds are weakly bound to the lattice and form activated lattice oxygen. The activated oxygen, created due to substitution of isovalent Sn 4+ , Zr 4+ , and Ti 4+ , can be easily released under reducing condition and restored under oxidizing condition. Earlier reports on the concept of activation of oxygen by Metiu and co-workers 11 have shown that dopant atom weakens the surrounding oxygen bond of the doped oxide making it a better oxidant and thus facilitates CO oxidation.
With the goal to understand the improved OSC for Ce 1−x Sn x O 2 solid solution, we investigate the structure and its relative stability based on first-principles density functional calculations. We address the relative stability of Ce 1−x Sn x O 2 solid solution in fluorite structure in comparison to the other competing rutile structure of SnO 2 . Local structural distortions arising from atomic displacements from their high symmetry positions are known to influence catalytic properties 12 and are relevant to properties near phase transformation. 13, 14 They influence electronic, 14, 15 dielectric, 16 and ferroelectric properties 17 of a variety of oxides. A clear picture about the tendency of a structure to undergo local distortions is obtained from the knowledge of unstable phonons in full phonon dispersion of a material. give rise to change in local geometry around the host and the dopant ions and the resultant change in their CN. The changes in the bond length will result in changes in formal oxidation states of the ions in the solid solution, and therefore bond valence sum ͑BVS͒ offers a relatively simple method for qualitative analysis for changes in oxidation states and hence the chemical behavior of different ions. We determine the local geometry of the cations in the solid solutions, extract the BVS for all the ions in Ce 1−x Sn x O 2 solid solution from the optimized structure, and rationalize the improved OSC observed for these materials.
II. EXPERIMENTAL
CeO 2 , SnO 2 , Ce 0.75 Sn 0.25 O 2 , and Ce 0.5 Sn 0.5 O 2 have been prepared by solution combustion method following the synthetic procedure given in the supplementary information. 19 The Rietveld refinement of the powder x-ray diffraction ͑XRD͒ patterns were carried out using FullProf-fp2k program. 20 For transmission electron microscopy ͑TEM͒ studies the oxide samples were recorded with FEI Technai 20 instrument at 200 kV. ͑See Ref. 19 for further details͒
III. COMPUTATIONAL DETAILS
Total energy calculations are based on DFT with a local density approximation ͑LDA͒ to the exchange correlation energy of electrons. Interaction between valence electrons and ionic cores is treated using first-principles ultrasoft pseudopotentials, 21 known for their high efficiency in calculating the structural and electronic properties, treating semicore states of Ce, Sn, and O in the valence: 5s, 5p, 5d, and 6s states of Ce; 4d, 5s, and 5p states of Sn; and 2s and 2p states of O. We use plane-wave self-consistent field ͑PWSCF͒ implementation 22 of DFT and Hellman-Feynman forces to optimize the internal structure at a given lattice constant. Lattice constants and bulk modulus are estimated from the total energy as a function of volume in the neighborhood of minimum. Pure CeO 2 and SnO 2 were simulated in both fluorite ͑face centered cubic lattice͒ and rutile structure ͑body centered tetragonal lattice͒. For cubic fluorite structure, integrals over the Brillouin zone were sampled on 6 ϫ 6 ϫ 6 k-point mesh, 23 in simulations with one formula unit of MO 2 ͑M=Ce or Sn͒. M͑=Ce, Sn͒ atom is located at ͑0, 0, 0͒ and the two oxygen atoms at ͑Ϯ0.25, Ϯ0.25, Ϯ0.25͒. For the rutile structure, a tetragonal unit cell with c / a = 0.69 with two formula units of MO 2 was used and integrals over the Brillouin zone were sampled on a 6 ϫ 6 ϫ 8 k-point mesh. The unit cell of this structure has six atoms: two M͑=Ce, Sn͒ atoms are located at ͑0, 0, 0͒ and ͑0.5, 0.5, 0.5͒ and four oxygen atoms are located at ͑u, u, 0͒, ͑Ϫu, Ϫu, Ϫu͒, ͑ cubic unit cell, we note that there is only one symmetryinequivalent configuration ceria with Sn substitution at 25% and 50% concentration.
IV. RESULTS AND DISCUSSION
The powder XRD patterns show SnO 2 in rutile structure 27 and CeO 2 and Ce 0.5 Sn 0.5 O 2 in the cubic fluorite structure. 28 The Rietveld refined lattice parameters along with R f , R Bragg and 2 values are given in Table I . Transmission electron micrograph images confirm the formation of solid solutions ͑see supplementary information͒. 19 We used our experimental parameters as the starting point in our DFT-LDA structural relaxations and estimated the relaxed structural parameters and bulk modulus ͑see Table I͒ ; our results for lattice parameter of pure CeO 2 and SnO 2 as well as their solid solutions agree well with experimental estimates within the typical LDA errors ͑see Table I͒ . We also estimated the lattice parameters of other competing structures: CeO 2 in rutile structure has a = 5.13 Å, c = 3.59 Å, and SnO 2 in the fluorite structure has a = 5.05 Å. It is clear that volume of a formula unit MO 2 is smaller in the rutile structure than in the fluorite structure, which can be readily understood in terms of higher CN of the cation in fluorite structure.
The bulk modulus B measures the response in pressure, or resistance to a uniform compression, due to a change in the volume relative to the equilibrium one
where E = total energy of the unit cell, V min is the volume of the unit cell at minimum energy E, and P is the pressure. From the energy calculated as a function of volume, we determine the volume of the unit cell for the minimum energy and the bulk modulus B by fitting the energies to fourth order polynomials and obtaining the second order derivative of the fitted polynomial. Our estimate of the bulk modulus of pure CeO 2 in fluorite structure ͑223 GPa͒ falls in the range of experimental estimates ͑of 220-240 GPa͒. 24 Our estimated bulk modulus of SnO 2 in rutile structure ͑232 GPa͒ is slightly higher than the experimental value of 218 GPa reported by Camargo et al. 25 and lower than bulk modulus of 270 GPa reported by Jiang et al. 26 ͑see Table I͒ . Our estimates of the bulk moduli ͑186 and 219 GPa͒ of the competing structures ͑rutile CeO 2 and fluorite SnO 2 , respectively͒ reveal that the structure is harder in the more stable phase, but the difference is more marked for CeO 2 than in SnO 2 . Upon Sn substitution, we find that the bulk modulus of CeO 2 changes only slightly: B of Ce 0.75 Sn 0.25 O 2 and Ce 0.5 Sn 0.5 O 2 is 222 and 230 GPa, respectively. These findings suggest that the stiffness of Sn-O bonds is rather similar in its fluorite and rutile structures and supports the readiness of Snsubstituted ceria to be in the fluorite structure in preference to rutile structure.
Relative energies of the fluorite and rutile phases show that CeO 2 is more stable in the fluorite structure, while SnO 2 is more stable in the rutile structure, consistent with experimentally observed structures. By defining the smallest value of E as zero among the two structures, the difference of total energies, ⌬E for the less stable phase relative to more stable phase is ͑see Table II͒ 
A. Phonon dispersion relations
Our calculated phonon dispersion ͑obtained through Fourier interpolation of dynamical matrices determined using DFT linear response at wave vectors on a 2 ϫ 2 ϫ 2 mesh in the Brillouin zone͒ of CeO 2 in fluorite structure ͑see Fig.  1͒ agrees fairly well with earlier experimental estimates 29, 31, 32 and calculations. 24, 30 For a detailed comparison, the neutron scattering experimental results of Clausen et al. 29 ͑which contains frequencies Ͻ500 cm −1 only͒ are presented along with our calculated phonon dispersion for CeO 2 in fluorite structure along Fig. 1͒ . There are three branches of acoustic modes and six branches of optical modes. At ⌫ point, the three branches of acoustic modes are degenerate with T 1u symmetry. The six branches of optic modes form two triply degenerate modes: Raman active modes with T 1g symmetry and IR active modes with T 2u symmetry. The latter is split into TO and LO branches at long wavelengths, due to long range dipolar interactions. It is clear that our calculated frequencies are in overall good agreement with the neutron scattering results especially for T 2u ͑LO-TO͒ modes. While the frequencies of the Raman active T 1g branch are overestimated by ϳ11% at ⌫ point, they agree better with experimental measurements near X and L points on the Brillouin zone boundary. Our estimates of LO-TO frequencies and static dielectric constant agree reasonably well with experimental work and other theoretical results ͑see Table III͒. Our calculated phonon dispersion of SnO 2 in the rutile structure along high symmetry directions A − ⌫ − M − X − ⌫ − Z − R in the Brillouin zone ͑see Fig. 2͒, obtained 
͑similar to those of CeO 2 ͒, the optic modes of SnO 2 are a bit stiffer than those in CeO 2 . While the former suggests similar elastic behavior of the two ͑consistent with our results of bulk moduli͒, the latter arises due to lower CN of Sn and correspondingly stiffer bonds. Overall agreement of our calculated frequencies at the ⌫ point and at high symmetry point of X , Z , M , R , A in the Brillouin zone with the experimental data of Katiyar et al. 33 and model calculations of Parlinski et al. 34 is very good ͑see Table IV͒ . Our estimated static dielectric constant is higher than the theoretical value reported earlier. 35 We determined the phonon dispersion of SnO 2 in fluorite structure with two choices of lattice parameters: ͑a͒ 5.04 Å, lattice parameter of the optimized SnO 2 structure and ͑b͒ 5.42 Å, corresponding to the lattice parameter of CeO 2 in fluorite structure. From the comparison between dispersions at these two lattice parameters, we identify the role of cationic size and strain on tendency of the Sn-substituted ceria in the fluorite structure to undergo local structural distortions. As evident from the dispersion ͑see the fluorite structure exhibits a strongly unstable mode at the X͑100͒ point, revealed by negative frequency ͑we use negative sign to plot imaginary frequencies͒. Detailed examination of its eigenvector reveals that this mode involves opposite displacements of the adjacent pairs of oxygen atoms ͑see Fig. 4͒ . The distortion of the oxygen sublattice in this case is quite similar to that found in ZrO 2 in the cubic structure which is responsible for its structural phase transformation from cubic to tetragonal phase. 14,36 Therefore, SnO 2 in the cubic fluorite structure, if synthesized, is expected to undergo a structural transition to lower symmetry structure͑s͒ similar to those of ZrO 2 . This finding is understandable noting the fact that the ionic radii of Sn 4+ and Zr 4+ are quite comparable and much smaller than that of Ce 4+ . We note that many structural instabilities emerge as a result of strain ͑expansion to the size of CeO 2 lattice͒ in SnO 2 in the fluorite structure, indicating more complex structural distortions in the solid solution of SnO 2 and CeO 2 .
In contrast to SnO 2 in the fluorite structure, our calculated phonon dispersion of CeO 2 in the rutile structure ͑see 
͒
point. This lack of structural instabilities ͑hence weaker tendency toward local structural distortions͒ in the rutile structure suggests that the rutile structural distortions seem less sensitive to the size of cation. We note that the optical modes in this case are at higher frequency ͑ϳ700 cm −1 ͒, correlating with lower CN in the rutile structure.
We obtained phonon dispersions of solid solutions at x = 0. 25 ͒ points. Thus, we expect that the structure will undergo cell-doubling distortions at high concentration of Sn, lowering its energy further. This observation reflects that higher percentage of Sn substitution in the fluorite structure of CeO 2 leads to higher local instability in the lattice. Our analysis of phonon dispersion for pure oxides ͑CeO 2 in fluorite structure and SnO 2 in rutile structure͒ in comparison to other competing structure ͑CeO 2 in rutile structure and SnO 2 in fluorite structure͒ reveals that the fluorite structure is more prone to local structural distortion by substitution of Sn in CeO 2 in comparison to rutile structure. Upon local distortion, the unstable modes become stable, but are soft ͑low frequency͒ yielding greater stability to the fluorite structure through vibrational entropic contribution.
B. Born effective charges
Born effective charges are the coupling constants relevant to absorption of IR radiation by a material through excitation of polar phonons and chemically reflect on the hybridization between cation and oxygen. 37 In the cubic fluorite structure, symmetry requires that the Born effective charge ͑Z ‫ء‬ ͒ should be isotropic on each atom. The Born effective charges of cerium and oxygen in fluorite structure are calculated to be Z ‫ء‬ ͑Ce͒ = 5.81 and Z ‫ء‬ ͑O͒ = −2.90, respectively. 30 The fact that the acoustic sum rule ͑⌺Z ‫ء‬ =0͒ is well-satisfied indicates that the calculation of the effective charges is well converged. The tetragonal symmetry of rutile structure requires that the charge tensors of each atom have only three independent and nonzero components in the Cartesian frame with Z Our analysis based on full phonon dispersion and Born effective charges show that substitution of Sn 4+ dopant ion in CeO 2 lattice is accompanied with lattice strain arising due to local structural distortion. Local structural distortion has been reported to be the reason behind high OSC for CeO 2 -ZrO 2 solid solution. 8, 9 To gain better understanding toward how local structural distortion leads to generation of activated oxygen in the doped Ce 1−x Sn x O 2 solid solution, we have undertaken further investigation focusing on the bond lengths and bond valence of ions.
C. M-O bond lengths, CN, and bond valence analysis
Bond lengths from the completely optimized structures for pure oxides and solid solution along with the local coordination of the cations were evaluated ͑see Table VI͒ 
